Four rhizobial strains representing a previously defined novel group in the genus Mesorhizobium and isolated from Astragalus species in China were further characterized using a polyphasic approach. Phylogenetic analysis of 16S rRNA gene sequences showed that these Gram-negative bacteria belonged to the genus Mesorhizobium, with Mesorhizobium plurifarium LMG 11892 T as the closest neighbour sharing a sequence similarity of 99.8 %. Comparative sequence analysis of the atpD, recA, glnII, rpoB, nodC and nifH genes, SDS-PAGE of whole-cell soluble proteins, DNA-DNA hybridization, fatty acid profiles and a series of phenotypic and physiological tests differentitated the novel group from all recognized species of the genus Mesorhizobium. Based on the data obtained in the present and previous studies, this group represents a novel species within the genus Mesorhizobium, for which the name Mesorhizobium silamurunense sp. nov. is proposed. The type strain is CCBAU 01550 T (5HAMBI 3029 T 5LMG 24822 T ), and could form effective nodules on Astragalus membranaceus, Astragalus adsurgens and Caragana intermedia, and ineffective nodules on Phaseolus vulgaris in cross-nodulation tests.
The genus Astragalus, comprising up to 2000 species of annual or perennial herbs, subshrubs and shrubs, is the largest genus in the plant family Fabaceae (Allen & Allen, 1981) , which is widely distributed in temperate regions of the world, principally in Asia, Europe and North America. In China, 401 species (221 endemic) have been recorded within this genus (Wu et al., 2010) , which are used as herbal medicine, forage, green manure, resources for honey or gum production, ornamental plants, windbreaks and indicators of selenium and uranium contamination (Laguerre et al., 1997) .
Approximately 90 species of the genus Astragalus have been recorded to form symbioses with root nodule bacteria (Allen & Allen, 1981) , which are mainly classified as four species: Mesorhizobium huakuii (Chen et al., 1991; Jarvis et al., 1997) , Mezorhizobium septentrionale, Mezorhizobium temperatum (Gao et al., 2004) , and Rhizobium loessense (Wei et al., 2003) . The genus Mesorhizobium (Jarvis et al., 1997) belongs to the Alphaproteobacteria and at the time of writing consisted of 22 species with validly published names, including the recently described species: Mesorhizobium alhagi , Mesorhizobium robiniae (Zhou et al., 2010) and Mesorhizobium camelthorni (Chen et al., 2011) .
In our previous study, diverse genomic species of the rhizobia associated with Astragalus species grown in the temperate regions of China were identified, and included a novel group, Mesorhizobium sp. I, of 29 strains isolated from the root nodules of Astragalus membranaceus and Astragalus adsurgens (Zhao et al., 2008) . To determine their taxonomic status, four representative strains were further analysed in the present study and compared with reference strains of defined species by phenotypic, genotypic, phylogenetic and symbiotic characterizations.
The four representative strains (Table 1) of Mesorhizobium sp. I, CCBAU 01550 T , CCBAU 45265, CCBAU 45272 and CCBAU 25300, were isolated from root nodules of Astragalus membranaceus and Astragalus adsurgens growing in Inner Mongolia, Henan and Shandong provinces, which are located along the Yellow River in China (Zhao et al., 2008) . All strains were maintained on yeast mannitol agar (YMA) slants at 4 u C for temporary storage or in 20 % (w/v) glycerol at 280 u C for long-term storage. Unless otherwise indicated, strains were incubated at 28 u C for experiments in this study.
The almost complete full-length 16S rRNA gene sequences (about 1350 bp) were amplified by PCR and sequenced directly by using universal primers P1 and P6 according to Tan et al. (1997) . The corresponding sequences of type strains of the recognised species of the genus Mesorhizobium were retrieved from the GenBank database. Multiple nucleotide sequence alignments were generated by using the CLUSTAL W program in the MEGA 4.0.2 software package (Tamura et al., 2007) . Phylogenetic trees were constructed with MEGA version 4.0.2 software using the neighbourjoining (NJ) method with the Jukes-Cantor model (Jukes & Cantor, 1969) , and the maximum-parsimony (MP) method. Bootstrap analysis was based on 1000 replicates to validate the reliability of the branching pattern of the trees. The four representative strains had identical 16S rRNA gene sequences and were closely related to Mesorhizobium plurifarium LMG 11892 T (99.8 % gene sequence similarity) with 92 % bootstrap support, and shared 98.1 % 16S gene sequence similarity with Mezorhizobium loti LMG 6125 T , the type species of the genus Mesorhizobium (Fig. 1) . The neighbour-joining tree and maximum-parsimony tree (not shown) had similar topologies.
The phylogenetic relationships of the four representative strains to recognized species of the genus Mesorhizobium were confirmed by sequencing analysis of the housekeeping genes atpD (ATP synthase, beta subunit), recA (recombinase A), glnII (glutamine synthetase type II) and rpoB (RNA polymerase, beta subunit), which are frequently used as alternative phylogenetic markers within rhizobia (Gaunt et al., 2001; Martens et al., 2007; Martens et al., 2008; Turner & Young, 2000) . Partial atpD, recA and glnII gene sequences were amplified and sequenced in our previous study (Zhao et al., 2008) with primer pairs atpD255F/ atpD782R, recA41F/recA640R and glnII12F/glnII689R, respectively (the primer coordinates correspond to Bradyrhizobium japonicum USDA110 gene positions), using previously reported protocols (Vinuesa et al., 2005) . PCR amplification and sequencing of partial rpoB gene sequences were performed with primers ropB82F (59-AAC CTC ATC GAG GTT CAG AAG GC-39) and ropB1580R (59-TGG TCC ATG AAC TGC GAG AGC TG-39), corresponding to the rpoB gene sequence of Sinorhizobium meliloti 1021 (Gen-Bank/EMBL/DDBJ accession number AL591688) (Capela et al., 2001) . Phylogenetic analyses were performed with the MEGA 4.0.2 software package (Tamura et al., 2007) using the neighbour-joining method with Kimura's two-parameter model and 1000 bootstrap replications. The four representative strains had identical recA gene sequences and were most similar to M. plurifarium USDA 4413 T with 93.3 % gene sequence similarity. rpoB gene sequences for the four representative strains were also identical and most similar to M. plurifarium LMG 11892 T with 95.7 % gene sequence similarity. The four strains had almost identical sequences for a 487 bp intragenic fragment of the atpD gene and a 590 bp internal region of the glnII gene. They were also most similar to M. plurifarium strains ICMP 13640 T and LMG 11892 T respectively, with 93.8 % and 93.6 % sequence similarity for atpD and glnII genes, respectively (Fig. 2) . The phylogenetic relationships based on the four housekeeping gene sequences were consistent with that obtained for 16S rRNA gene sequences.
Three representative strains of the novel group (CCBAU 01550 T , CCBAU 45272 and CCBAU 45265) and the type strains of eight closely related species of the genus Mesorhizobium were subjected to SDS-PAGE analysis of whole-cell soluble proteins as described previously (Tan et al., 1997) .
Digitization, normalization and numerical analyses of the protein profiles were performed with GelCompar II version 4.5 software (Applied Maths). The similarity of protein patterns between strain pairs was expressed by Pearson's coefficient and a UPGMA dendrogram was constructed (Vauterin & Vauterin, 1992) . Strains CCBAU 01550 T , CCBAU 45272 and CCBAU 45265 formed a cluster with strikingly similar protein patterns, indicating their considerable homogeneity, but they were significantly different from the protein profiles of related species of the genus Mesorhizobium ( Fig. S1 available in IJSEM Online). These results also demonstrated that strains CCBAU 01550 T , CCBAU 45272 and CCBAU 45265 were not clones.
Analysis of cellular fatty acids is a useful method to characterize and identify microbes, especially in the study of species of the genus Mesorhizobium (Schutter & Dick, 2000; Tighe et al., 2000) . For analysis of cellular fatty acids, strains were grown on YMA medium (pH 7.0) (Vincent, 1970) at 28 u C. Cells of the tested strains in the stationary growth phase were harvested and approximately 40 mg were used for the preparation and extraction of fatty acid methyl esters according to methods described by Sasser (1990) . Identification of these fatty acid methyl esters was completed with the MIDI Sherlock Microbial Identification System version 6.0 using the TSBA6 database for identification of the peaks. Table S1 . Strain CCBAU 01550 T could be assigned to the genus Mesorhizobium because it lacked 20 : 3 v6,9,12c and summed feature 2 (12 : 0, unknown ECL 10.928, 16 : 1 iso I and/or 14 : 0 3-OH), but contained 17 : 0 iso fatty acids (Tighe et al., 2000) . Furthermore, strain CCBAU 01550 T had a distinctly different fatty acid profile compared to the other recognized species of the genus Mesorhizobium (Table S1 ).
DNA-DNA hybridization was performed using the spectrophotometric method (De Ley, 1970) . The DNA G+C content was measured using the thermal denaturation (T m ) method of Marmur & Doty (1962) using Escherichia coli K-12 as the standard. The DNA G+C content of strain CCBAU 01550 T was 62.4 mol%, which was within the range reported for the genus Mesorhizobium (59-64 mol%) (Jarvis et al., 1997) . DNA-DNA relatedness was greater than 80 % among the representative strains of the novel group and ranged from 12.4 to 38.5 % between CCBAU 01550 T and the type strains of related species of the genus Mesorhizobium (Table 2) . Taking the recommended species threshold of 70 % DNA-DNA relatedness (Graham et al., 1991; Wayne et al., 1987) , these results indicated that the novel group should be considered as a novel species in the genus of Mesorhizobium.
Phenotypic characteristics of CCBAU 01550 T , CCBAU 45265, CCBAU 45272 and CCBAU 25300 and the type strains of closely related species of the genus were determined and compared according to the method described by Gao et al. (1994) . The tested features included the utilization of sole carbon and nitrogen sources; resistance to antibiotics and dyes; and the ranges of NaCl concentration, pH and temperature for growth (Gao et al., 1994) . Biochemical tests including catalase and oxidase production; methyl red and Voges-Proskauer reactions; and hydrolysis of casein, gelatin, starch, DNA and Tween 80 were performed according to Smibert & Krieg (1994) . Production of hydrogen sulfide from cysteine, and production of indole from tryptophan were examined as described by Barrow & Feltham (2003) . The results demonstrated that the novel group could be distinguished from related species of the genus Mesorhizobium by a combination of phenotypic characteristics, such as growth at pH 10.0, but not in 1 % (w/v) NaCl; utilization of glucose, D-mannose, D-fructose, melibiose, D-glutamic acid, L-phenylalanine and L-valine, but not D-arabinose raffinose, DL-asparagine, and L-arginine; resistance to (mg ml 21 ) ampicillin (5), erythromycin (100) and Congo red (0.1), but sensitivity to kanamycin (50), streptomycin (5), bromothymol blue (0.1) and erythrosine bluish (0.1) ( Table 3) . Additional features are presented in the species description. In the cluster analysis based upon phenotypic features, strain CCBAU 01550 T was clearly separated from the type strains of related species of the genus Mesorhizobium (Fig. S3 ).
The symbiotic genes (nod and nif) are required for the successful establishment of highly specific symbiosis between rhizobia and legumes. Partial nodC (931 bp) and nifH (784 bp) gene fragments were amplified with the primer pairs nodCF/nodCI and nifHF/nifHI, respectively, using protocols described by Laguerre et al. (2001) . Neighbourjoining trees were constructed with the same methods used for the housekeeping gene analyses. In the phylogenetic tree based on nodC gene sequences, strains CCBAU 01550 T , CCBAU 45272, CCBAU 45265 and CCBAU 25300 formed a cluster sharing sequence similarities from 99.1 % to 100 %. They were most similar to M. septentrionale SDW014 T (99.3 % sequence similarity) (Fig. S2a ). In the phylogenetic tree based on nifH gene sequences, the four novel strains were divided into three lineages (Fig. S2b) Ampicillin (5) + + + + + 2 2 2 + Kanamycin sulfate (50) 2 2 2 2 + 2 2 + 2 Streptomycin sulfate (5) 2 2 2 2 + 2 2 + 2 Erythromycin (100) + + + + + 2 2 + + Chloramphenicol (5) 2 + 2 + 2 2 + + + Tolerance of (%):
Bromothymol blue (0.1) 2 2 2 2 + 2 2 2 2 Congo red (0.1) + + + + + + + + 2 Erythrosine bluish (0.1) 2 2 2 2 + 2 2 2 2 Sodium deoxycholate (0.1) + + 2 + + 2 2 + 2 divergent origins, possibly via lateral gene transfer as reported by Sullivan & Ronson (1998) .
Host range is an important feature of root-nodule bacteria. Cross-nodulation tests were performed for strain CCBAU 01550 T with the original plant (Astragalus membranaceus) and the other selected leguminous plants including Astragalus adsurgens, Glycine max, Pisum sativum, Phaseolus vulgaris, Vigna radiate, Medicago sativa, Lotus corniculatus, Trifolium repens, Caragana intermedia, Lespedeza cunecta and Leucaena leucocephala. The seeds of the leguminous plants were surface-sterilized, germinated and inoculated according to a standard procedure (Vincent, 1970) . The inoculated seedlings were grown in Gibson tubes supplied with a nitrogen-free plant nutrient solution (Brunel et al., 1996) , while noninoculated plants were used as controls. Three replicates were prepared for each treatment. Plants were incubated in a greenhouse under natural sunlight. After 45-60 days, the plants were harvested and nodules were examined. Strain CCBAU 01550 T formed pink root nodules on Astragalus membranaceus, Astragalus adsurgens and Caragana intermedia, indicating that the nodules were effective for nitrogen fixation. White (ineffective) nodules were found on Phaseolus vulgaris inoculated with CCBAU 01550 T . No nodules were found on Glycine max, Pisum sativum, Vigna radiate, Medicago sativa, Lotus corniculatus, Trifolium repens, Lespedeza cunecta or Leucaena leucocephala inoculated with CCBAU 01550 T , or on non-inoculated control plants.
The differences in the phenotypic and genotypic characteristics of strains of the novel group indicated that they represented a novel species within the genus Mesorhizobium, for which the name Mesorhizobium silamurunense sp. nov. is proposed. Cells are Gram-negative, aerobic, motile, non-spore-forming rods, 1.2-1.8 mm wide by 2.1-4.2 mm long. Colonies on YMA plates are circular, convex, white and opaque, usually 1-2 mm in diameter within 5-7 days of incubation at 28 uC. The optimum temperature and pH for growth are 28 u C and pH 7, respectively. The maximum temperature for growth is 40 uC. Able to survive being heated at 60 uC for 10 min. Positive result in tests for catalase, indole production, hydrolysis of DNA, and litmus milk acid production, acid coagulation and peptonization. The ability to hydrolyse DNA varies among the novel isolates; strain CCBAU 45272 shows the highest DNA hydrolysis activity. Negative result in tests for oxidase, urease, nitrate reductase, L-phenylalanine deaminase, 3-ketolactose, H 2 S production, and hydrolysis of starch, gelatin and Tween 80. Reduces litmus milk, methylene blue and Nile blue, but methyl red and Voges-Proskauer reactions are negative. Utilizes D-galactose, D-glucose, sucrose, D-fructose, inositol, inulin (except strains CCBAU 01550 T and CCBAU 45272), DL-sodium malate, galactitol (except CCBAU 45272), meso-erythritol (except CCBAU 45272), maltose, D-mannose, melibiose, L-rhamnose, sodium acetate (except CCBAU 45272) , sodium succinate, D-sorbitol, trehalose and D-xylose as sole carbon sources for growth, but not adipic acid, D-amygdalin, D-arabinose, calcium gluconate, calcium malonate, dextrin, melezitose, sodium pyruvate, raffinose, lactose, salicin, sodium citrate, sodium formate, sodium D-gluconate, hippuric acid, sorbose, soluble starch, syringic acid, potassium sodium tartrate, L-arginine, DLasparagine, glycine, L-methionine and L-proline. Utilizes L-threonine, L-a-aminopropionic acid, L-arginine, L-aspartic acid (except strain CCBAU 45272), L-cystine, D-glutamic acid, L-glutamic acid, hypoxanthine, L-isoleucine, L-lysine, L-phenylalanine and L-valine as sole nitrogen sources. Resistant to (mg ml -1 ) erythromycin (100), ampicillin (5), kanamycin sulfate (5), neomycin sulfate (5) and gentamicin sulfate (5). Sensitive to (mg ml -1 ) streptomycin sulfate (5), tetracycline hydrochloride (5), ampicillin (50), chloramphenicol (50), kanamycin sulfate (50), neomycin sulfate (50), gentamicin sulfate (50) and erythromycin (300). Strains CCBAU 01550 T and CCBAU 45265 are sensitive to chloramphenicol (5 mg ml -1 ), but strains CCBAU 25300 and CCBAU 45272 are resistant to it. Strains grow on YMA plates containing 0.1 % (w/v) Congo red or sodium deoxycholate (except strain CCBAU 45265), but do not grow in 1 % (w/v) NaCl in YMA. Synthesizes the following fatty acids (full details in Table S1 ): 12 : 0 3-OH, 14 : 0, 13 : 0 iso 3-OH, summed feature 3 (16 : 1 v7c/16 : 1 v6c and/or 16 : 1 v6c/16 : 1 v7c), 16 : 0, 17 : 0 iso, 17 : 1 v8c, 17 : 0, summed feature 8 (18 : 1 v7c and/or 18 : 1 v6c), 18 : 0, 19 : 0 cyclo v8c and 20 : 0.
Description of
The type strain, CCBAU 01550 T (5HAMBI 3029 T 5LMG 24822 T ), was isolated from the root nodules of Astragalus membranaceus collected from Inner Mongolia, China. The DNA G+C content of the type strain is 62.4 mol% (T m ).
